A key unresolved question in population ecology concerns the relationship between a population's size and its growth rate. We estimated this relationship for 1780 time series of mammals, birds, fish, and insects. We found that rates of population growth are high at low population densities but, contrary to previous predictions, decline rapidly with increasing population size and then flatten out, for all four taxa. This produces a strongly concave relationship between a population's growth rate and its size. These findings have fundamental implications for our understanding of animals' lives, suggesting in particular that many animals in these taxa will be found living at densities above the carrying capacity of their environments.
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The way a population_s size changes through time-its dynamics-depends on the way it grows when small and declines when big. More specifically, the dynamics result from the precise relationship between the population_s size (N) and its per capita growth rate ( pgr), defined as 1 N Â dN dt = , where t is time (Fig.  1 ). The simplest case is a straight-line relationship, such that pgr declines linearly with increasing N (Fig. 1A, left) . Linearity produces the well-known logistic population growth equation NðtÞ 0 KN0 ðKjN0Þe jr 0 t þ N0 , where r 0 is a parameter representing pgr when N 0 0, N 0 is the size of the population at time 0 0, and K is the population_s carrying capacity (1) .
The relationship between pgr and N is generally taken to be monotonic and decreasing and can be either concave or convex (2) . Convex relationships (Fig. 1B) imply that pgr varies little until population size is near carrying capacity, then drops rapidly. Concavity (Fig. 1C ) means that pgr is initially relatively high, so small populations grow quickly, but pgr then declines rapidly as population size increases, later flattening out so that the approach to carrying capacity is relatively slow. In a variant possible in theory and occasionally reported in nature, the slope of the relationship between pgr and N becomes positive in small populations, such that pgr actually increases with N over a narrow range of population sizes, giving an Allee effect (2) (3) (4) .
The way in which pgr declines with population size is conventionally modeled by the theta-logistic equation, given by pgr 0 r 0 E1 j ðN=KÞ q^ð 1Þ
where r 0 and K are as before, and q is a parameter describing the curvature of the relationship (2). In practice, population density is sometimes used in place of population size, and r 0 is best replaced by r m , representing pgr when population size N is at a defined low value, corresponding to a population of, for example, one individual (5) (Fig. 2) . Values of q greater or less than 1 correspond to convex and concave relationships, respectively (Figs. 1 and 2). Mechanistically, the value of q must depend on the ways that animals interact at different densities (6) . There has been a persistent suggestion that the shape of the pgr-density relationship depends on a species_ life history (5, 7, 8) . The widely cited argument (9) (10) (11) (12) (13) (14) is as follows. Large, long-lived species generally live close to the carrying capacity of their environments, being limited mainly by resources, and are only rarely subject to natural selection for increased performance at low population density. As a consequence, these species_ population growth rates are relatively unaffected until populations are nearing carrying capacity, producing the convex curve of q 9 1 seen in Fig. 1 . By contrast, species that spend most of their time at densities much lower than carrying capacity are selected for a high maximum rate of increase. As a result, these species are affected even at relatively low densities in their abilities to acquire foods, and so the concave relationship of q G 1 between pgr and N arises. There are a number of cases of density dependence that together have suggested that pgr-density relationships are convex for large mammals and similar species but concave for species with life histories like those of insects and some fish (5, 7, 15) .
The form of the pgr-density relationship has implications beyond population dynamics, and it is used to make predictions and to analyze management options in areas such as conservation (16), pest management (17), risk assessment (18) , and disease epidemiology (19) . In spite of this, there have been few attempts to establish generalities about how pgr varies with population size (5, 15, 20) . Here we analyze an extensive compilation of time series data from 4926 different populations in the Global Population Dynamics Database (GPDD) (21, 22) . The GPDD is a collection of time series of population counts or indices of these, together with other taxonomic details of more than 1400 species.
After exclusion of time series that were very short, did not vary, or contained zeros, the GPDD contained 3766 time series from 1084 species (table S1). We further excluded 469 series (12%) that showed a significant decline in size with time, because unknown factors may have prevented population recovery and biased the form of the estimated pgr-density relationship, and 1% that showed positive density dependence (i.e., pgr increased with density), because these show no evidence of population regulation. We examined the remaining 3269 series for evidence of Allee relationships, but these were rare if present at all: There were only 20 cases in which a quadratic regression of pgr on N fitted better (P G 0.05) than a linear regression, with a turning point of the required type and within the range of observed values of N, and in only 5 was the pattern clearly nonmonotonic (22). We conclude that there is clear evidence of Allee effects in only a small minority (0.2%) of GPDD data sets. Absence of Allee effects in bird studies has been noted by Saether et al. (23) .
We fitted Eq. 1 to each of the 3269 tractable time series in the GPDD using a nonlinear least-squares procedure and discarded cases yielding relatively imprecise estimates of q (22). The main taxonomic groups represented were birds (150 species), mammals (79), bony fish (64), and insects (381). Figure 3 shows the frequencies of occurrence of fitted values of q in each of the main taxonomic groups. In each taxon, there are far more instances where q G 1 (concave) than where q 9 1 (convex). The average proportion of cases where q G 1 is 0.78. This is higher than the proportion (0.62) found in the only comparable study (5), but that was based on only 13 species of birds. The proportion of cases where q G 1 differs only a little between the major taxonomic groups, though there is a suggestion that the proportion is higher in fish than in mammals, birds, and insects (taking the average value of q for each species and counting species, c 3 2 0 6.9, nonsignificant) (Fig. 3) .
It is not possible to apply explicit phylogenetic methods to these data because no phylogeny exists to describe them, but we repeated analyses using genus means and then family means as a way of controlling for the lack of independence among species (counting genera, c 3 2 0 8.2, P G 0.05; counting families, c 3 2 0 8.0, P G 0.05). q was significantly (P G 0.05) different from 1 in 613 of the 1780 time series analyzed, being less than 1 in 581 cases and greater than 1 in 32. The reason only 613 estimates were significantly different from 1 is that some of the estimates are imprecise. Our strategy for dealing with imprecision was to remove very imprecise estimates (22), but this retained quite a number that still had wide confidence intervals. Among the small proportion (0.22) of cases where q 9 1, there are no obvious taxonomic or other patterns: All major taxonomic groups are represented. Our results suggest that in mammals, birds, fish, and insects, population regulation is generally the result of a concave relationship between a population_s growth rate and its size.
The histograms of q suggest that q is normally less than 1, but they do not directly test the hypothesis that q would increase with a species_ body size (7, 8, 15) . However, there is no suggestion of such a relationship in any of the four taxonomic groups we analyzed. In mammals, the reverse is the case: The relationship is negative, not positive as predicted Eregression with one point per species: r 36 0 -0.32, P G 0.05 (fig. S2) ; with one point per family or genus, the relationship is still negative: r 11 0 -0.253, nonsignificant, and r 28 0 -0.291, nonsignificant, respectively^. Our results, based on a much larger data set than previous analyses, appear to rule out the possibility that the shape of the pgr-density relationship is strongly associated with taxonomy or body size. Values of q around zero can arise from measurement error (24) , and so it is important to exclude that possibility here (25) . If all variation in population size arises from random measurement error, it is straightforward to derive the predicted relationship between pgr and the logarithm of population density. The relationship is linear with slope -1.0. We analysed the slope of the relationship between pgr and the logarithm of population density within each of our four taxonomic groups and for simulated data in which all variation in density was random (Fig. 4) . In three of our four groups, the slopes differed markedly from -1.0 (t tests, P ¡ 0.001), suggesting that measurement error does not have a dominant role in these groups. The simulated data have, as expected, a mean very close to -1.0, and our insect populations also fall close to -1.0, possibly suggesting that measurement error has affected the estimates of q in these populations. As a further check, we used the GPDD grading of time series to indicate perceived quality, which may in some cases be affected by measurement error (21) . Restricting our analysis to the top two grades out of five did not affect our conclusions.
An important implication of our finding, that the relationship between pgr and density is generally concave, is that many animals may spend most of their time at or above carrying capacity. To see this, consider the effects of variations in population size induced by densityindependent environmental factors. Assume that increases and decreases occur with similar magnitudes and frequencies and that q G 1. For q G 1, returns to carrying capacity are faster if the population is below than if it is above carrying capacity. The rate of return is given by the absolute value of pgr, and the rate of return is faster from a point below carrying capacity than from a point an equivalent distance above carrying capacity. This is seen in the dynamics of the population of Xylena vetusta (Fig. 1C) for which the estimated carrying capacity (where pgr 0 0) is 512. Note that upward steps are generally larger than downward. The result is that populations spend more time above than below carrying capacity. This process will produce a tail extending to the right in the frequency distribution of population size. In line with this prediction, 88% of the 1849 GPDD cases analyzed here are positively skewed (P G 0.001, mean skewness 1.08 T 0.024). Halley and Inchausti (26) obtained a similar result. Because bird and mammal populations may generally be regulated by their food supplies (27) (28) (29) , our finding that most individuals live in environments above carrying capacity suggests they have less food than is needed for population replacement. However, other factors, such as predation and social interactions within the species, may in some circumstances override the role of food.
Factors whose effects are not felt immediately may also be important in determining population growth or decline (30), and we considered carefully the possibility of including time delays in our analysis. Adding two time lags would have added a minimum of two extra parameters to be estimated. Our conclusion was that the additional complexity to the model was not warranted, given the quality of data sets in our analysis. However, we believe it would be interesting to explore the possibility of including time lags in future studies.
Our conclusion that the most common pgrdensity relationships are concave in birds, mammals, fish, and insects should have wide implications for understanding how the abundance and dynamics of populations are controlled and for our practical ability to make predictions about how such species respond to environmental change. For example, if a linear relationship is assumed and values of r m and K are estimated from other sources-for instance, r m is sometimes estimated from life-history data in optimal environments-then concavity means that pgr is overestimated when the population is below carrying capacity (Fig. 2) . This would have dangerous consequences in wildlife and fisheries management, because populations would recover from disturbances more slowly than predicted. Pest control, by contrast, would be more successful than expected. Knowledge of the shapes of the pgrdensity relationship is required in all areas of population ecology to make projections as to future abundance and population dynamics (18, 28, 29, 31) . Fig. 4 . Slopes of regressions of pgr versus log e density, showing that the observed relationships are not simply a result of measurement error. Measurement error alone predicts a slope of -1 in regressions of pgr against log e density, in marked contrast to fitted slopes, except in the case of the insects. For comparison, we also show the effects of measurement error simulated with 3920 time series of length 30 and processed as for the GPDD data sets. Bars show one standard error of the mean. Frequency distributions of these regression coefficients are shown in fig. S3 . Fig. 3 . Histograms of q for the four major taxonomic groups in the GPDD database: (A) mammals, (B) birds, (C) fish, and (D) insects. A hybrid scale is used for q, linear between -1 and 2 and log 10 elsewhere. This scale is used to give similar weights to each of the principal regions of interest in Fig. 2 . Where there existed within-species replication, we used the average value, so that each species is here represented only once.
